The McCollough effect is a colour aftereffect that is contingent on the orientation of the patterns used to induce it. To produce the effect, two differently oriented grating patterns -such as a red-and-black vertical grating and a green-and-black horizontal gratingare viewed alternately for a few minutes. After this period of adaptation, if the black-and-white test gratings are viewed in the same orientation as the adaptation patterns, the white sections of the vertical grating will appear pale green and the white sections of the horizontal grating will appear pink. The McCollough effect indicates that colour-and orientation-coding mechanisms interact at some point during visual processing; but the question remains as to whether this interaction occurs at an early or later stage in the cortical visual pathways. In an attempt to answer this question, we studied a patient who had suffered extensive damage to extrastriate visual areas of the brain, which had left him able to see colour but little else. Results: Neuropsychological and perceptual tests demonstrated that the patient, P.B., has a profound impairment in form perception and is even unable to discriminate between 900 differences in the orientation of grating stimuli. He is also unable to use orientation information to control his reaching or grasping. Nevertheless, P.B. can name and discriminate different colours reliably, including those used to induce the McCollough effect. After adaptation with red-and-green gratings, P.B. appropriately reported the orientation-contingent aftereffect colours, even though he continued to be unable to discriminate the orientations of the test patterns. Conclusions: These results indicate that at some level in P.B.'s visual system orientation is being coded, but it is at a level that he is unable to use in making orientation judgements or in visuomotor control. Given the massive insult to the extrastriate cortex in P.B., it is likely that the anatomical locus of the mechanisms underlying the McCollough effect is within primary visual cortex or even earlier in the visual pathway.
Background
Colour aftereffects contingent on pattern orientation were first reported in 1965 by Celeste McCollough [1] . To induce a McCollough effect, two differently oriented grating patterns, such as a red-and-black vertical grating and a green-and-black horizontal grating, are viewed alternately for a few minutes (see Fig. 1 ). After such adaptation, black-and-white versions of the test patterns are presented to subjects. White sections of the vertical test grating appear to the viewer to be tinted green, whereas the white sections of the horizontal test grating appear pink. If, however, the test patterns are rotated 450 from the adapted orientations, colour aftereffects are not reported.
Since McCollough's original report, numerous studies of this aftereffect have confirmed and extended her initial findings (for reviews see [2] [3] [4] ), and several accounts of its functional role in vision have been proposed [2, [5] [6] [7] . One of the issues that has concerned researchers is the locus in the visual system of the mechanisms that mediate the effect. Indeed, Julesz [8] has recently posed a series of strategic (and answerable) questions for vision researchers, one of which was: 'Does the McCollough effect belong to early vision or to some higher-level cortical stage?' Several aspects of the McCollough effect suggest that it involves an adaptation of mechanisms at an early stage of visual processing (for reviews see [2, 4] ). In particular, it has been proposed that area 17 (or V1) of the visual cortex has the requisite properties for mediating the McCollough effect (for example, see [2, 9, 10] ). McCollough [1] originally proposed that the effect results from the colour adaptation of neurons in the visual cortex that code for local orientationneurons fitting this description have been found in area V1. Michael [11] has suggested that the effect reflects adaptation of striate neurons that code simultaneously for both orientation and colour. It has also been hypothesized that the colour-selective cells found in the 'blobs' of area V1 [12, 13] could be the site of the colour component of this effect. To produce the effect, these colour-sensitive cells would have to interact with other cells in area V1 that are sensitive to both orientation and spatial frequency, but which exhibit a broadband response to wavelength [9] .
Correspondence to: G. Keith Humphrey. E-mail address: humphrey@sscl.uwo.ca of objects [15, 16] . Her colour perception, however, appears to be quite normal [17] , and so we were able to examine her susceptibility to the McCollough effect.
D.E was unable to report the orientation of simple grating stimuli, or even report whether one or two patterns were present. However, when she was adapted for 10 minutes with a red-and-black horizontal grating alternating with a green-and-black vertical grating, she reported the appropriate colour aftereffects when subsequently presented with the black-and-white test gratings. Moreover, following a second session of adaptation, she reported the appropriate aftereffects some 20 hours later. Throughout all of this testing, she was unable to discriminate the orientation of any of the gratings that were successfully inducing colour percepts. In short, D.E showed McCollough effects without any ability to describe, discriminate or recognize the orientation of the inducing and test gratings. Given the pattern of D.E's brain damage, these findings are consistent with the hypothesis that primary visual cortex (or area V1) has the requisite properties for supporting the McCollough effect.
It should be pointed out, however, that despite D.F's profound deficits in perception of form and orientation, she is able to orient her hand appropriately in anticipation of grasping those same objects that she is unable to discriminate perceptually [15, 16, 18] . This suggests that, while D.F cannot make use of visual information about orientation and form for perceptual discrimination, she can use it for the control of skilled actions. Indeed, Goodale and Milner have used these observations as part of a proposal that the visual mechanisms mediating object perception are both functionally and neurally distinct from those underlying the visual control of skilled movements directed at those objects [19, 20] . Fig. 1 . An illustration of typical induction and testing conditions for the McCollough effect. Also illustrated is the simulated aftereffect, given the induction conditions seen in the figure (see text for details). The colour characteristics of the aftereffect will vary somewhat as a function of adaptation conditions. In most experiments, the inducing stimuli are presented as computer-generated images or as projected slides.
Our recently published findings [14] are also consistent with the notion that area V1 is the site where the McCollough effect is mediated. We studied a patient, D.E, who had developed a profound visual-form agnosia as a result of carbon monoxide poisoning. Although magnetic resonance imaging (MRI) revealed a pattern of damage consistent with anoxia, most of the damage in the posterior portion of D.E's brain was evident in areas 18 and 19, with area 17 (or V1) remaining largely intact. D.F has great difficulty recognizing even the simplest of geometric forms, and is very poor at discriminating the orientation The sparing of form information for the control of skilled actions in D.E also suggests another possible interpretation for her ability to experience an orientation-contingent colour aftereffect. Specifically, because D.E can use orientation information to control her grasp and other motor outputs, it is possible that the orientation coding, beyond area V1, supporting this behaviour is somehow linked with her intact colour processing. Thus, although it is unlikely, the mediation of the McCollough effect in D.E may have occurred in areas beyond V1. What is clearly needed is a demonstration that the McCollough effect can occur in an individual with extrastriate damage of a such a nature that any processing of form that may remain in area V1 is prevented from reaching those higher cortical areas that mediate perception and the visual control of action.
We recently had an opportunity to study the McCollough effect in a patient who was essentially cortically blind. Like D.F, this new patient, P.B., shows a profound insensitivity to visual form, and is unable to recognize the simplest of geometrical shapes. Patient P.B., however, has none of the spared visuomotor abilities that are seen in D.F. Thus, we see no evidence for the processing of visual form for either perceptual discrimination or visuomotor control. P.B., like D.F, does show remarkably intact colour perception, so we were able to use his spared colour perception to assess whether he was subject to the McCollough effect. The results obtained provided us with additional support for the view that the interaction between colour and form that underlies the McCollough effect takes place in area V1 or earlier.
Results

The patient
At the time of testing, patient P.B. was a 39 year-old male who had suffered extensive brain damage as a result of an accidental electrocution that occurred six years before, when the bulldozer he was operating struck a high-tension electricity cable. MRI scans showed a diffuse brain atrophy which was particularly evident in the occipito-parietal cortex (Fig. 2 ).
Despite his extensive brain damage, P.B.'s elementary motor functions were spared. His thermal and pain sensitivity were also relatively normal, although his tactile, pressure and kinesthetic sensory functions were severely impaired. Because P.B.'s visual deficit was extremely severe, a formal test of his general cognitive status was difficult to administer. Nevertheless, his general intelligence appeared to be largely preserved: he exhibited mildly dysarthric speech production, yet his naming upon verbal description was near perfect and no syntactic deficit was observed. P.B.'s short-term and long-term verbal and spatial memory were mildly impaired.
We assessed P.B.'s visual functions using various tests. We found that his optokinetic nystagmus and pupillary light reflexes were apparently normal. Although P.B.'s horizontal and vertical saccadic eye movements were comparatively spared, his pursuit eye movements were jerky and erratic. We attempted to assess P.B.'s visual acuity with both Snellen letters and Landoldt rings; he failed both tests completely. Nevertheless, the P-100 wave of the visual-evoked potentials recorded when P.B. viewed a reversing checkerboard showed normal amplitude and latency, suggesting that early visual processing in V1 was relatively intact.
There was no indication that P.B. could use information about visual form, either to discriminate between objects or to direct actions towards them. Thus, when presented with pairs of rectangular plaques that were matched for total flux [21] , P.B. was unable to determine whether they were the same or different in length and width (8 out of 20 correct). When asked to reach out and pick up individual plaques belonging to this set from a table top, the opening between his fingers and thumb was not scaled to the plaque's size, as it is in normal subjects [22, 23] . In another grasping test, P.B. was presented with either a square plaque or a rectangular plaque in random alternation at three different distances for a total of 54 trials. The rectangular plaque varied in orientation, such that its long axis was either perpendicular to, or parallel with, P.B.'s body axis. P.B. not only failed to scale his grasp to the width of these plaques, but also did not rotate his wrist to bring his finger and thumb across the short axis of the rectangle, In fact, his performance was so poor that it was apparent that no information about object Results of an attempt to train P.B. in a form discrimination task. The patient was asked to discriminate between four colours (red, green, blue and yellow) or four shapes (a square, a circle, a triangle and a cross), where all the stimuli were grossly matched for luminance. He was tested in 15 sessions spread out over a three month period. In each session, two blocks of 16 training trials were run.
form, or even object distance, was influencing his grasp. On many trials he simply slid his hand along the table until he contacted the object, whereupon he grasped it.
Patient P.B. was similarly impaired in other tests of form vision. For example, when asked to identify one of six large block letters subtending 10 x 6 of visual angle, each presented three times in a random order (for 40 seconds), he scored around 10 % even though he was told what the stimulus set would be. P.B. could not even be trained to make form discriminations. Figure 3 shows the results of one such effort, in which we attempted to train P.B. to discriminate between a square, a circle, a triangle and a cross over a period of several weeks. Patient P.B. did extremely poorly on this shape discrimination, even when he was given knowledge of his test results and extensive training. In summary, on all tests of form vision, whether perceptual or visuomotor, he seemed essentially cortically blind.
In contrast to his complete lack of form perception, P.B. was remarkably sensitive to colour. He was able to report the colour of objects accurately, and could occasionally guess their identity if their colour was 'diagnostic'. For example, P.B. had no difficulty in saying what the colour of things like snow, grass and the sky are.
When presented with Farnsworth-Munsell colour chips, he could reliably name the colours even though they are quite desaturated. Even under reduced illumination, he correctly identified the four pink (number 77), green (number 33), yellow (number 16), and blue (number 57) chips that were presented. He also performed at a perfect level when asked to name very desaturated coloured papers taken from magazines.
We also devised a more formal test of colour naming using the Farnsworth-Munsell chips. Because he was unable to pick up or point to the chips, P.B. was asked to name the two colours in pairs of different chips -taken from red (number 1), green (number 36), yellow (number 18) and blue (number 54) -that were positioned on a table, one above the other, 15 cm apart at reading distance. He was tested with each of the six possible combinations of the colour pairs three times each for a total of 18 trials. He named the colours appropriately 100 % of the time. In another test, P.B. was asked to name one of six colours -fuchsia, orange, blue, green, yellow and white -presented randomly for either 10 or 40 seconds in two periods, each consisting of 18 presentations. He achieved scores of 90 % correct on both presentations, even though he was given no previous knowledge of the stimulus set. A final test that was run in parallel with the shape discrimination test is illustrated in Figure 3 . P.B. was asked to discriminate among four different colours -red, green, blue and yellow -where the stimuli were grossly equated for luminance. In sharp contrast to his poor performance with shape, P.B. achieved near-perfect scores with colour (see Fig. 3 ).
The McCollough effect P.B. was tested for the McCollough effect on four separate occasions. For the initial session, P.B. and his wife served as subjects. In the first pre-test, each of four different orientations of black-and-white grating patterns (horizontal, vertical and the two obliques) was presented 10 times in random order. P.B. was unable to distinguish between these different orientations and was correct on 9 of the 40 trials, a score that is not different from chance. In the second pre-test, P.B. was shown 20 single-orientation test patterns and 20 test patterns composed of two orientations, and asked to indicate whether the pattern contained one or two orientations. He once again performed at chance level, being correct on 20 of the 40 trials. P.B. was also questioned in more detail about the orientation(s) he thought he saw. He was correct 6 out of 40 times, close to the chance level of 5 out of 40. When asked about the presence of colour in the test patterns, he always answered 'yellowish-brownish'. His wife, who answered by writing her responses on a piece of paper, was 100 % correct in all pre-test judgements. P.B. and his wife were then adapted for 15 minutes with a magenta-and-black vertical grating, alternating with a green-and-black horizontal grating. P.B. was able to report the colours of the inducing stimuli with 100 % accuracy. He correctly referred to the magenta grating as 'fuchsia' and the other as 'green'. In these and all subsequent induction sessions, P.B. was also questioned about the orientation of the inducing stimuli; he always performed at a chance level. After adaptation, P.B. was shown the four different orientations (five times each) of black-andwhite gratings in random order; he showed no evidence of a McCollough effect and gave no reports of colour other than yellowish-brown. His judgements of the orientation of these patterns were at a chance level (7/20).
-c -u-o a u Similarly, when asked to report the presence of one or two colours using the single-and double-orientation test patterns, he did not report any colours. In all of the tests, P.B.'s wife reported vivid and appropriate McCollough effects.
The second session had a longer induction period and was conducted approximately two months after the first. For the first pre-test, P.B. was presented with 20 different test patterns -five of each orientation. Once again he was unable to report the differences in orientation of the black-and-white gratings above chance level (7/20) . In the second pre-test, he again failed to discriminate between 20 single-orientation patterns and 20 patterns composed of two orientations (23/40 correct). P.B. was then induced for 25 minutes with magenta-andblack vertical and green-and-black horizontal gratings, which he reported as fuchsia and green respectively. After induction, P.B. reported strong McCollough effects when presented with the black-and-white test gratings. When shown the four different orientations of the test gratings (five times each) in random order, his reports were appropriate in every case (20/20) : that is, he always reported that the vertical gratings appeared to be green and the horizontal gratings appeared pink. For both oblique gratings he always said they appeared to be yellowish-brownish. No further tests were carried out because P.B. was fatigued.
The third session was conducted two months later. This time we attempted to examine how long the aftereffect would last. In the first pre-test, P.B. was shown 40 test patterns -10 of each orientation. His orientationdiscrimination performance was still at chance level (11/40). The second pre-test was not performed. P.B. was then shown a magenta-and-black vertical grating alternating with a green-and-black horizontal grating for 25 minutes, which again he reported as fuchsia and green respectively.
As in the second session, he showed evidence of a McCollough effect. For seven out of nine presentations of the vertical black-and-white grating, he reported that it appeared green, and for seven out of nine presentations of the horizontal grating he said that it appeared pink. For 16 presentations of the two oblique gratings (8 of each), he always said they appeared to be yellowish-brownish. His reports of the orientations of these patterns, however, was at chance level (9/34; chance level is 8.4/34).
We had planned to test P.B. every 15 minutes to chart the decline in strength of the aftereffect. What happened, however, was that after the first 15 minutes, he no longer reported seeing any colours on the test gratings. The effect could not have entirely dissipated, however, because after only 10 additional minutes of re-exposure to the inducing stimuli, appropriate colour reports were reinstated. He gave appropriate colour reports on 19 out of 21 test trials. We were unable to conduct any further assessments during this session because P.B. became too tired to proceed.
The final testing session was carried out one week after the third. In the first pre-test, P.B. performed essentially at chance level and was correct in 14 out of 40 trials. The second pre-test was not performed. P.B. was adapted for 25 minutes with a magenta-and-black 450 grating and a green-and-black 1350 grating; his reports of the induction colours were as before. He did not report colours on the vertical and horizontal test gratings (10/10 correct), but did on the oblique test gratings. He consistently reported that the 450 test grating appeared green (5/5), but the 135°grating was not consistently seen as pink (1/4), and was usually reported as not being coloured (3/4). His reports of the orientations of the gratings was at chance level (5/19; chance level is 4.5/19). No further tests were conducted in this session due to P.B.'s tiredness.
Discussion
Quite remarkably, P.B., a patient showing no evidence of any direct sensitivity to the orientation of visual patterns, can still experience a colour aftereffect that is contingent on the orientation of inducing and testing patterns. Not only is this result consistent with the earlier observations of patient D.F [14] , but it also indicates that the McCollough effect can occur in an individual who shows no evidence for the processing of visual form either in perceptual discrimination or in visuomotor control. As we noted above, because D.F is able to use orientation information to control her grasp and other motor outputs, it is possible that the McCollough effect that she experienced depends on orientation coding beyond area V1 that subserves her visuomotor control. The results obtained with P.B. question this explanation and indicate that the effect can occur in an individual whose brain damage appears to preclude any form processing in area V1 from reaching those higher cortical areas where perception and the visual control of action are mediated.
It does appear, however, that the McCollough effect experienced by P.B. may be more ephemeral than that experienced by D.E Whereas D.F experienced the McCollough effect after only 10 minutes of induction, P.B. did not report aftereffect colours in the first session after 15 minutes of induction. In normal subjects, the strength of the McCollough effect increases with induction duration [24, 25] . Ten minutes of induction with gratings, however, is ample time for most subjects to experience the effect. For example, in McCollough's original report [1] , induction only lasted for 2-4 minutes. Although the induction and test conditions used with D.F and P.B. were not identical, they were very similar. The luminances were similar in both experiments and the spatial frequencies of the induction and test patterns were identical. It is also possible that P.B. needed prolonged adaptation to perceive the aftereffect because of a general reduction in chromatic sensitivity. Although such an explanation cannot be ruled out, it seems somewhat unlikely given that PB.'s naming of desaturated colours, at least in informal testing, appeared quite normal. It is possible, then, that differences in brain damage in D.F. and P.B. may have produced some differences in the ease with which the McCollough effect is induced that are unrelated to chromatic sensitivity per se. Further, the fact that the effect lasted for 20 hours in D.E but appeared to dissipate in P.B. fairly rapidly also suggests that some dissimilarities in their brain damage may have produced differences in the magnitude and/or storage of the effect. Quantitative studies comparing the two patients directly under identical induction and testing conditions are necessary, however, before any firm conclusions can be drawn.
The visual deficits in P.B. and D.E suggest that colour and form are coded separately beyond area V1. Additional evidence for separate coding comes from studies of patients with cerebral achromatopsia whose form perception is relatively intact (reviewed in [26] ). There is neurophysiological evidence to suggest that this separation in coding is evident in the occipitotemporal pathways that are likely to be involved in perceptual judgments [27, 28] . Presumably, it is these occipito-temporal form pathways that are damaged in P.B. and D.E. It is also likely that form information contacts visuomotor networks in the posterior parietal area over separate visual projections from area VI [19, 20] . This pathway also appears to be compromised in P.B. (but not in D.E). But even if form and colour are coded separately beyond area V1, the fact that intact subjects show the McCollough effect and other 'contingent' aftereffects indicates that colour, form and other separable object attributes, such as motion, must interact at some level. As noted above, the existence of the McCollough effect in P.B. suggests that this interaction is likely to occur quite early in the geniculo-striate pathway.
Of course, further studies of patients with discrete brain damage to other visual areas, including primary visual cortex, are necessary before definitive conclusions can be drawn about an early site for the mechanisms underlying the McCollough effect. In a preliminary study we carried out on a cortically-blind patient with bilateral occipital infarcts, we were unable to induce a McCollough effect even though she could discriminate between red and green in a forced-choice paradigm. This observation suggests that damage to area V1 can interfere with the production of the McCollough effect. It appears then, that the weight of evidence supports the idea that orientationcontingent colour aftereffects are mediated by mechanisms in area V1 or earlier in the geniculostriate pathway.
Conclusions
The McCollough effect indicates that colour and orientation-coding mechanisms interact at some point during visual processing, but the question has remained as to whether this interaction occurs at an early or later stage in the cortical visual pathways. Many results suggest that the McCollough effect reflects changes in mechanisms operating at an early level in the primary visual pathway [2, 4] , but until recently more direct evidence about the locus of the mechanisms underlying the effect has been lacking. Both the present report and our earlier data [14] have helped to narrow the search for the anatomical locus of the mechanisms mediating the McCollough effect through the study of brain-damaged individuals. That the patient P.B. still experiences the McCollough effect, even though he shows no evidence for the use of orientation information in either perceptual discrimination or visuomotor control, provides strong evidence for an early locus for the mechanisms underlying the effect. Given the massive damage to PB.'s extrastriate cortex, it is likely that the McCollough effect is mediated by mechanisms in the primary visual cortex or earlier in the visual pathway.
Materials and methods
The procedure used to assess the McCollough effect involved three stages: pre-test, induction, and post-test. Two different pre-tests were used to assess P.B.'s ability to discriminate the orientation of gratings. For the first pre-test, he was shown separate test patterns of black-and-white vertical gratings, black-andwhite horizontal gratings and black-and-white oblique gratings (at 450 and 1350 angles), and asked to report the orientation of each of the test patterns. For the second pre-test, he was asked to report whether one or two orientations were present in each of eight different test patterns. He was shown the same four test patterns as used in the first pre-test, as well as an equal number of test patterns containing adjacent grating segments in two different orientations -horizontal and vertical segments, or 45°and 1350 segments. For the test patterns composed of vertical and horizontal segments, half of the patterns had the vertical segment on the right and the horizontal segment on the left, and the other half had the opposite arrangement. The test patterns composed of 450 and 1350 oblique segments were arranged in a similar fashion. After P.B. had made his judgement about the presence of one or two orientations, he was asked to report the orientation(s) present in each pattern. For both pre-tests, the order of the test patterns was randomly determined. All patterns were presented as separate high-contrast photocopies that subtended the same visual angle and had the same spatial frequency as the induction patterns. In addition to the orientation-discrimination tasks in the pre-test, P.B. was also asked to indicate any colours he saw on the patterns.
After the pre-tests, P.B. was then adapted with two orthogonally-oriented gratings of different colours. The patterns were rear-projected slides produced by photographing black-andwhite square-wave gratings with high-contrast copy film. The slides were mounted in a slide holder with the coloured filters and projected from a slide projector. One grating was mounted with a green filter (Kodak Wratten filter number 58) and the other was mounted with. a magenta filter (Kodak Wratten filter number 32). Each induction and test pattern subtended 15.10 of visual angle and the grating frequency was 1.4 cyc deg -1 . The luminances of the green and red sections of the gratings were 640 and 460 cd m -2 , respectively; the luminance of the black sections was 1.5 cd m 2 . The patterns were presented for 10 seconds each, alternating with an inter-stimulus interval of 1 second, for a total induction period that varied with the session. After a two minute rest period, P.B. was given a post-test using the same patterns as used in the pre-test. During the post-test he was asked to report any colours he saw, as well as report the orientation of the patterns.
